Abstract-By coupling light to the charges at nanometal interfaces, surface plasmon (SP) enables researches to control photons in a way they have never done before: at the subwavelength level. Coupling of incident light through an air region into an Ag plasmonic nanowire waveguide (APNW) is a highly difficult challenge of light guiding on the surface of metal nanowire. Surface plasmon polaritons, the electromagnetic waves propagating on the interface between metal and dielectrics, have allowed the modal confinement below the diffraction limit. In this paper, we numerically analyze the coupling effect of an APNW which is covered by a dielectric medium using a finite element method. The coupling effect can be modulated by adjusting the Ag nanowire diameter, the covering dielectric medium width and the wavelength of incident light, the propagation length of SP coupling can be maximized. Simulation results reveal that the field confinement can be significantly improved and the majority of the electric field can be carried on the surface of an APNW. The effects of electric field transport along an APNW due to SP coupling which is investigated for different dimensions and lengths. Accordingly, long propagation lengths of about 41500 nm at an incident wavelength of 715 nm and longer propagation length can be achieved if the more sections of APNW are used. Simulation results offer an efficient method for optimizing SP coupling into an APNW and promote the realization of highly integrated plasmonic devices.  Index Terms-plasmonic nanowire waveguide, finite element method, surface plasmon, long propagation lengths
I. INTRODUCTION
Recently, the need for smaller and faster optical devices has established nanophotonics branch, which has been extensively investigated along with the study of plasmonics. Many experimental and theoretical literatures have demonstrated that, for the dielectric-based photonics, large portion of electromagnetic waves spread over the space and cannot be confined in a small region due to the diffraction limit of light. This limits its ability of reducing optical modal volume to cubic half wavelength scale. Optics of surface plasmon polaritons (SPPs) and, in particular, of plasmonic nanostructures, currently attracts considerable interest. Plasmonics is one of the most promising avenues for device miniaturization that guarantees many merits. The emerging field of Manuscript received May 25, 2014 ; revised August 28, 2014. plasmonics promises the generation, processing, transmission, sensing and detection of signals at optical frequencies along metallic surfaces much smaller than the wavelengths they carry. Plasmonic technology has applications in a wide range of fields, including biophotonics, sensing, chemistry and medicine [1] - [10] . But perhaps the area where it will have the most profound impact is in optical communications, since plasmonic waves oscillate at optical frequencies and thus can carry information at optical bandwidths. Surface plasmons (SPs) are electromagnetic waves that propagate along the surface of the metal nanoparticles (MNPs) [1] . Nanophotonic wire waveguides play an important role for the realization of highly dense integrated photonic circuits and are deployed for various applications in the design of optoelectronic devices such as optical switches, wavelength filters, low power consumption, efficient device integration, ring resonators, power splitters, ultrafast operational speed, optical logic gates, optical communication system, and optical-interconnects in network [1] - [17] . These nanoparticle-structured waveguides hold the unique promise for the light guiding at the nanoscale.
The miniaturization of optoelectronic devices and realization of ultra-small integrated circuits strongly demand compact waveguide branches. Among the different kinds of plasmonic waveguides, silver (Ag) nanowires have some unique properties that make them particularly attractive, such as low propagating loss due to their smooth surface and scattering of SPs to photons only at their sharp ends. Since the momentums of the photons and SPs are different, it is a challenge to couple light into SP waveguides efficiently. The confinement light in conventional dielectric waveguide is always limited by the diffraction limited and guidance around sharp bends [18] , [19] . SP waveguide can provide far stronger, non-diffraction limited confinement and increase the coupling effect of guiding light around the sharp bend, leading to ultra-small and compact photonic devices and the development of non-optical circuits owing to their subwavelength behavior.
In plasmonics, the important signal processing procedure is performed on SPPs instead of photons. SPPs are electromagnetic waves coupled to charge density oscillations at the interface between a material of negative permittivity and one of positive permittivity (e.g., a metal and a dielectric medium, respectively). However, when it comes to SPs-based devices, we should pay critical attention to the metallic loss come from metal. It is unavoidable for plasmonic devices to experience high loss due to the high conductance of metals, which creates problems over a wide range of applications based on the plasmonic effect.
In this paper, we numerically analyze an Ag plasmonic nanowire waveguide (APNW) for the propagation of SPs on an Ag nanowire by means of finite element method (FEM) with three-dimensional (3-D) calculations, and develop important design guidelines that are critical for the realization of high-performance optical interconnects through an air region coupled into an APNW. The proposed APNW consists of a metal wire covered with low-index dielectric layers, which is an improved structure of a bare metal wire waveguide with the hybrid mode [20] . It has the merits of ultra-long propagation distance and subwavelength modal confinement simultaneously. The enclosure of a covered dielectric medium and an APNW form open SP models and the electromagnetic fields is effectively confined on the surface of an Ag nanowire to generate high local field enhancement. We compared their optical responses with the different cases of their counterparts in near-field zone. The influences of various incident wavelengths in the range of 300-1600 nm are discussed in our simulations. These results are crucial in designing localized surface plasmon resonance (SPR) sensors and other optical devices based on MNPs and may provide valuable references for waveguiding dielectric-supported metal nanowires for practical applications. The design, analysis, optimization, and physical insights behind them are elaborated in detail.
II. SIMULATION METHOD AND MODELS
The problem of electromagnetic analysis on a macroscopic level is the problem of solving Maxwell's equations subject to certain boundary conditions. The SP's propagation constant can be retrieved by solving Maxwell's equation at the interface of a MNP and a dielectric medium, which yields bonded modes for a transverse magnetic (TM) polarization.
The governing equation can be written in the form
where ε rc is the complex relative permittivity, E is the electric field intensity, k 0 is the wave vector in free space and μ r is the complex relative permiability. For the time-harmonic and eigenfrequency problems, the wave number of free space k 0 is defined as
where c is the speed of light in vacuum and ω is the angular frequency. When solving the equations as an eigenfrequency problem the eigenvalue is the complex eigenfrequency λ=-jω+δ, where δ is the damping of the solution. Using the relation ε r =n 2 , where n is the refractive index, the equation (1) can alternatively be written ( )
When the equation is written using the refractive index, the assumption is that μ r =1 and σ=0 and only the constitutive relations for linear materials are available. When solving for the scattered field the same equations are used but E=E sc +E i and E sc is the dependent variable. In optics and photonics applications, the refractive index is often used instead of the permittivity (ε). In materials where μ r is 1, the relation between the complex refractive index, n'=n-jκ, and the complex relative permittivity is ε rc =n '2 , that is ε' r =n 2 -κ 2 , ε'' r =2nκ. The inverse relations are
The parameter κ represents a damping of the electromagnetic wave.
The dispersion properties of the MNP must be considered here since the absorption and permittivity of the metallic material are frequency dependent. The Drude-Lorentz dispersion model is used to describe the dependence of the metallic permittivity on the frequency [21] , which can be written as
where ε ∞ is the high-frequency contribution to the relative permittivity, ω P is the plasma frequency, f j is the oscillator strength, ω 0j is the resonance frequency, and Γ j is the damping coefficient. Throughout this paper, we consider an Ag nonowire, illuminated by a plane wave with the TM plane wave. For the Ag permittivity ε(λ) as a function of wavelength (λ) we use the bulk data of Johnson and Christy [22] and corrected with the Drude model, which includes the size effect [23] . Note that particles down to 20nm can well be modeled using bulk permittivity. We investigate waveguiding properties of the nanowire-dielectric system using a 3-D FEM [24] - [30] . The computational domain is discretized into a tetragonal mesh with an element size of one tenth of the nanowire diameter (e.g., 10nm for a 100nm diameter nanowire), terminated by perfectly matched layer (PML) boundaries.
The simulation model in this work is an APNW as shown in Fig. 1 , which can be characterized by four geometrical parameters, i.e., d 1 
The structure under study is an Ag nanwire with diameter d 1 and length d 4 surrounded by a dielectric medium, SiO 2 , as shown in Fig. 1 . The Ag nanowire diameter is much shorter than the wavelength, while the length can be longer than the wavelength. 
III. DESIGN, RESULTS AND DISCUSSION
Near-field intensities as a function of wavelengths for the cases of different length of an APNW (d 4 =4150, 8300, 12450, 20750 and 41500nm, respectively) measured at a distance of 200nm away from the distal end of an APNW is shown in Fig. 3 . It can be observed from Fig. 3 that the near-field intensities can be modulated by the length of an APNW (d 4 ) and the SPR peak wavelengths corresponding to various d 4 . It is shown that the near-field intensities measured at measurement point for all cases can achieve a magnitude over 250V/m [see the dashed gray line in Fig.  3 ] as the incident wavelength raging in =560-850nm (showing a broad band propagation). The apparent SPR peak wavelengths raging in =450-800nm occur at λ=475nm for the case of d 4 =4150nm, λ=510nm for the case of d 4 =8300nm, λ=525nm for the case of d 4 =12450nm, λ=600nm for the case of d 4 =20750nm, and λ=660nm for the case of d 1 =41500nm, respectively. Besides, the red-shift trend with the increase of the value of d 4 due to the fact that this red shift depends on the suitable mode itself: the larger the wavelength of the eigenmode, the greater the red-shifted, and the more spread out the SPRs [31] , [32] . The analysis of this spectrum shown in Fig. 3 reveals three viewpoints.
(1)With increasing the length of an APNW (d 4 ), the linewidth of the Fabry-Perot resonator modes increases [33] . (2) Electric field intensity minima from the input end of an APNW correspond to maxima from the distal end of an APNW and vice versa, which strongly confirms the explanation of optically excited an APNW as a FabryPerot resonator [33] . (3) The modulation field intensities reveal in varies with both wavelength and the length of an APNW (d 4 ). Fig. 4(a)-Fig. 4(e) show the corresponding near-field distributions of different length of APNW (d 4 ) at their selected peak wavelengths, which shows that the electric field distribution on the surface of an APNW can clearly be seen.
An interesting result, namely, some nodal fields, was found on the surface of the APNW. When d 1 is kept constant (d 1 =50nm) and d 4 is increased from 4150nm to 41500nm [i.e., d 4 ×1~d 4 ×10, see Fig. 3 ], the nodal field pattern will be changed for various SPR wavelengths of the incident light. In our simulation, the zero-order mode is observed to have no nodal field oscillation along the APNW. This mode has a finite charge and can be regarded as oscillations with an infinite wavelengththus it cannot be excited by an external electromagnetic wave. The lowest mode with physical meaning is a dipolar mode with one nodal field around the APNW, which has positive and negative charge accumulated at opposite ends of the APNW. This mode can be excited by a field polarized along the x-axis and respond at a longer wavelength. Another mode can be identified by the number of nodal fields on the surface of the APNW. It is worthwhile to note that here only even numbers of nodal fields can be found on the surface of the APNW in our simulation. This result is very different from that obtained by means of the boundary element method [34] , which includes odd and even modes simultaneously. The discrepancy between our FEM simulation model and the boundary element method in [35] can be attributed to the fact that the x polarization incident field always piles up the positive and negative charge pairs along the propagation direction of the APNW, and no net dipole exists in the charge distribution obtained in our simulation. Thus, only an even number of nodal fields can be found on the surface of the APNW. For even-order modes, the wavelengths decrease as additional longitudinal nodes (positive and negative charge pairs) are added. It can be seen in Fig. 4(a)-Fig. 4 In these examples, SPPs propagate along Ag-SiO 2 interfaces. The SiO 2 -layer thicknesses can vary from nanometers (smaller than the optical wavelength) to a few hundred nanometers. The plots in Fig. 4(a) distance to the APNW. This result verified that the incident plane wave can be used to excite SPs in a metallic nanowire and coupled optical information through a free space into a nanoscale optical device. The SP can only be excited at one wire end due to the crystalline nature of the wire. This APNW structure has fair propagation distance when APNW is surrounded by the dielectric material.
One can also see that the electric field is along the radial direction and this mode can be interpreted as a mode formed by rolling-up the mode on the surface of the APNW. This extremely small optical mode area may enable efficient device miniaturization. On the other hand, the confined mode on the surface of the APNW shows extremely low-loss characteristics, micro-scale propagation distances, with the subwavelength modal confinement. A further reduction of the propagation loss is achievable as the radius of the Ag nanowire is decreased while still maintaining the subwavelength modal confinement. Since SPs on the Ag-SiO 2 interface are TM incident light waves, there will be only one component of the magnetic field (H y ). Thus the light wave equations for magnetic fields in the two media, i.e., Ag and SiO 2 , are considered for determining the plasmon dispersion relationship: are the penetration depths of the light wave into the SiO 2 and Ag, respectively.
where H is the y-component of the magnetic field, c is for the speed of light and ω is for the angular frequency. The solutions of the wave equation in (7) are sought in the form of a SP wave propagating along the x-axis and exponentially decaying in both the SiO 2 and Ag (see Fig.  5 ):
where k is the wave number and t is the time. The equations for the reciprocal penetration depths are obtained by substituting the solutions (8) and (9) into the wave equation (7):
The dispersion relationship for a SP is decided by the conventional boundary conditions at the Ag-SiO 2 interface that should be satisfied by the solutions (7) and (11) . Using these conditions, we obtained the wave number for SPs as [36] - [40] :
From this equation, it can be seen that if εA is negative and larger in magnitude than that of εs, then k is positive, real, and larger than ks=(ω/c)ε 1/2 -the wave number of bulk wave in medium SiO 2 . Therefore, SPPs are indeed surface waves, i.e., propagating along the surface and exponentially decaying into the surrounding media [41] , [42] .
In the proposed APNW, it has been found that there are two types of guided mode: one is a strongly confined mode which shows symmetry mode (the first mode, see Fig. 6(a) ) and the other is a mode of dipole-like shaped profile, i.e., anti-symmetry mode, which shows an ultralong propagation distance (the second mode, see Fig.  6(b) ). The characteristics of those modes are discussed in the following text.
If the covered dielectric medium (SiO 2 ) is the same on the both ends of the APNW, the SPs couple to form two modes: symmetric [see Fig. 6(a) ] and anti-symmetric (see Fig. 6(b) ] [43] - [45] . One of the predominant differences between the two modes is the distribution of the electric field. A symmetric Ag nanowire SP has a symmetric distribution of the electric field [e.g., see Fig. 6(c) ]. However, an anti-symmetric Ag nanowire SP is characterized by an anti-symmetric distribution of the electric field [e.g., see Fig. 6(d) ]. As the diameter of Ag nanowire is increased [e.g., d 1 =200nm as shown in Fig.  6(c) ], the wave number of the symmetric mode tends towards a bulk wave in the surrounding SiO 2 [46] , [47] . The wave number of the anti-symmetry mode is increased as the diameter of Ag nanowire is decreased [e.g., d 1 =50nm as shown in Fig. 6(d) ]. This phenomenon can be interpreted by considering the charge distribution across the Ag nanowire covered by the dielectric medium (SiO 2 ) for the symmetric [see Fig. 6(a) and Fig. 6(c) ] and anti-symmetric modes [see Fig. 6(b) and Fig. 6(d) ]. It can be seen in Fig. 6(a) and Fig. 6(b) that the symmetric mode for anti-symmetric charge distribution and the antisymmetric mode for symmetric charge distribution. Thus the electric field will also have an anti-symmetric distribution across the Ag nanowire for a symmetric charge and a symmetric distribution across the Ag nanowire for an anti-symmetric charge. The dispersion relations for the symmetric and anti-symmetric SPs for an Ag nanowire (diameter d 1 ) of permitivity ε A surrounded by SiO 2 ( width d 2 ) with permitivity ε s may be derived by using Maxwell's equations, conventional boundary conditions and seeking a solution in the form of SPs propagation on the Ag-SiO 2 interfaces. The symmetric and anti-symmetric dispersion relations are given respectively by [48] ( )
where ε A is the dielectric function of the Ag nanowire surround on both sides by ε S , k 2z and k 1z are the perpendicular components of the wavevector inside and outside the Ag nanowire respectively, and d 1 is the diameter of the Ag nanowire. It should be noted that these expression are for the symmetric situation where the medium on both side of the Ag nanowire are the same. 
IV. CONCLUSIONS
In conclusion, it is a highly difficult challenge of light guiding through an air region into an SP waveguide. In this paper, we have numerically analyzed an APNW and developed the key design guidelines that ensure effective propagation of incident light through an air region into an APNW. The proposed structure of APNW is an important novel geometry for plasmonic MNPs, combining the highly attractive nanoscale optical properties of both a metallic nanowire and the covering dielectric medium. Numerical investigation by using a 3-D FEM indicates that the confinement of SPs fields of an APNW can be significantly improved if the metallic nanowire is covered with a dielectric medium. Accordingly, large propagation lengths of about 41500nm at a light wavelength of 715nm and longer propagation length if the more sections of APNW are used. Our results will be useful for the optimum design of metallic nanowires as interconnects for high-density nanophotonic circuit integration and promotes the realization of highly integrated plasmonic devices, such as plasmonic modegap waveguides [49] , cross-index-modulation plasmonic waveguides [50] , hybrid plasmonic waveguide [51] , and so on [52] - [56] . This allows low power operation and integration on a chip in a variety of applications such as nanolasers [52] , modulators [53] , splitters [54] and metaldielectric-metal waveguide [55] , metal patch waveguide [56] .
